Introduction
Imaging and tracking fast intracellular dynamic processes with nanometer precision is critical to understand the underlying molecular processes of many biological phenomena, including cell growth, mass transportation, signaling transduction, and cell migration. [ 1 ] Myriad intracellular events DOI: 10.1002/smll.201403016
Imaging and tracking of nano-and micrometer-sized organelles in cells with nanometer precision is crucial for understanding cellular behaviors at the molecular scale. Because of the fast intracellular dynamic processes, the imaging and tracking method must also be fast. In addition, to ensure that the observed dynamics is relevant to the native functions, it is critical to keep the cells under their native states. Here, a plasmonics-based imaging technique is demonstrated for studying the dynamics of organelles in 3D with high localization precision (5 nm) and temporal (10 ms) resolution. The technique is label-free and can track subcellular structures in the native state of the cells. Using the technique, nanometer steps of organelle (e.g., mitochondria) transportation are observed along neurite microtubules in primary neurons, and the 3D structure of neurite microtubule bundles is reconstructed at the nanometer scale from the tracks of the moving organelles.
are well orchestrated at the molecular level within the tiny volume of a single cell. Aberrant regulations cause various developmental and neurodegenerative diseases. [ 2 ] Despite the great need, tracking the intracellular dynamics remains a diffi cult challenge. A technique for this task requires high spatial localization accuracy and temporal resolution. It should also be noninvasive in order to minimize perturbations to the native dynamic processes under study. To date, the most popular method is fl uorescence imaging techniques. [ 3 ] Although powerful, fl uorescence emission is relatively weak, which requires time to collect suffi cient photons, thus limiting the imaging speed. Moreover, labeling of living systems with fl uorescent tags may disturb their native cellular processes and affect the original physiological functions.
To overcome these drawbacks, label-free imaging techniques have been employed for imaging and tracking. Previous studies on unstained lipid droplet demonstrated a nonperturbative tracking strategy using coherent anti-Stokes Raman scattering (CARS) microscopy and stimulated Raman scattering (SRS) microscopy. [ 4 ] Other nonlinear optical techniques, such as second harmonic generation (SHG) microscopy and third harmonic generation (THG) microscopy, have also been applied for studying dynamic traffi cking of lipid bodies. [ 5 ] By combining with multiphoton excited native small 2015, 11, No. 24, 2878-2884 fl uorescence, these multimodal methods showed a powerful imaging capability of studying intrinsic metabolic signals in tissue. [ 6 ] However, the imaging rates of these techniques are limited for studying fast dynamic processes. [ 7 ] Surface plasmon resonance (SPR) is a surface sensing technique widely used in life sciences and pharmaceutical discovery. The extremely high sensitivity to mass density changes on the surface makes SPR an indispensable technique in assessing protein-protein interaction and studying binding kinetics. Recently, SPR microscopy has been demonstrated in the total internal refl ection (TIR) confi guration. [ 8 ] This plasmonics-based microscopy technique provides superior spatial resolution, allowing for studying protein binding kinetics. [ 9 ] However, tracking of subcellular organelles with high spatial and temporal resolution has not been shown previously.
Here, we demonstrate tracking of single organelle dynamics in cells with this plasmonics-based imaging technique. [8] [9] [10] The technique excites surface plasmonic waves on a gold surface with light, and the presence of an organelle on or near the surface scatters the plasmonic waves ( Figure 1 a) , leading to a high contrast image of the organelle without labels. By analyzing the high contrast plasmonic images over time, we have tracked intracellular dynamics in three dimensions with nanometer localization precision and millisecond temporal resolution, and observed stepwise movement of the organelles (mitochondria) that originated from the motor proteins. fi eld image b), the plasmonic image c) shows a much higher image contrast. This high contrast imaging capability allows for tracking of individual organelles inside a cell ( Figure S1 , Supporting Information). In order to focus on the dynamics of the organelles, we subtracted the fi rst frame from the subsequent frames. The time-differential images reveal only moving organelles, and thus suppressing nonmoving objects in the cell (Video S1, Supporting Information). Figure 1 d is such a differential image, which shows several bright spots as marked by white arrows. Zooming-in of a lower left region of the image reveals more clearly the bright spots, each with a "V" shape tail along the propagation direction of the surface plasmonic wave ( Figure 1 e and Video S2, Supporting Information). The tail is due to the scattering of the surface plasmonic wave by the organelles, which also shows up in the plasmonic images of nanoparticles as we reported previously. [ 10b ] To identify the organelles, we stained the cell with a fl uorescent dye, MitoTracker ® , which targets mitochondria. Figure 1 f is a fl uorescent image of the same region as the time-differential plasmonic image shown in Figure 1 e (Video S3, Supporting Information). The organelles revealed in the plasmonic image match well with those in the fl uorescent image ( Figure S2 , Supporting Information), which indicates that the features tracked by the plasmonic imaging technique are mitochondria. However, some mitochondria in the fl uorescent image do not show up in the plasmonic image, which is probably due to that they are located outside of the evanescent fi eld associated with the plasmonic waves. In addition to dot-like mitochondria, we also observed elongated ones. Figure S3 , Supporting Information, shows two mitochondria sliding on the same track; each has a length of ≈1.5 µm (Video S4, Supporting Information). Since mitochondria are the largest and most abundant organelles in cell, we expected most of the features revealed in plasmonic image are from mitochondria.
Results and Discussion
Mitochondria are essential organelles responsible for energy production and many other cellular processes, including cell apoptosis and aging. [ 11 ] Their traffi cking and distribution are critical for local energy supply in distal structures, such as axons and dendrites in neurons. Various neurodegenerative diseases are related to inappropriate mitochondrial traffi cking. [ 2a , 12 ] Plasmonic imaging provides a label-free approach to study mitochondria in native state, eliminating complications with dye-labeling process, which could hinder the respiratory function of mitochondria. To explore the long-range axonal transport, we studied the organelle dynamics in primary neurons. The plasmonic imaging of the neurons has superior image contrast, compared to the traditional bright fi eld optical images, allowing us to resolve clearly minor structures, such as axons and dendrites ( Figure 2 a,b ). It also allows us to observe confi ned organelle transportation in the neurite structure. www.small-journal.com neurite structure as shown in the plasmonic image marked by a dashed square box in Figure 2 b. The dynamics of the two organelles moving along the neurite structure is described by plotting the distance versus time, or known as kymographs in Figure 2 d . The kymographs provide detailed information about the motion of the organelles. For example, the local slope is the velocity of the moving organelle. These examples demonstrate a label-free imaging of single organelle dynamics in cells.
We show below that it is also possible to accurately track the movement of the organelles with the plasmonic imaging capability. As shown in Figure 1 e, the plasmonic image of an organelle displays a V-shape diffraction pattern with a bright spot at the apex of the "V" (Figure S4a,b , Supporting Information). The bright spot refl ects the center of mass of the organelle. By fi tting the bright spot with a 2D Gaussian distribution function, we located the position of the organelle, and tracked its transportation by following the position over time ( Figure S4c,d , Supporting Information).
Recent studies have revealed that motor proteins move along their tracks in a stepwise manner by alternating their track-binding motor domains. [ 3c , 4a , 13 ] This microtubule-depended motion is a universal model for organelle transporting, including mitochondria, lipid droplets, endosomes, and lysosomes. Most of these previous works are based on labeling the motor proteins or organelles with fl uorescent tags, which may disturb the native behavior of the motor proteins. In fact, evidence has shown that changing in the load of the motor proteins may alter the stepping sizes, [ 14 ] which underscores the importance of noninvasive and label-free plasmonic imaging and tracking of organelle transportation. Additionally, plasmonic imaging intensity is rather bright, compared to fl uorescent imaging, making it possible to track fast movement of organelles.
To track the fast organelle transportation dynamics, we recorded moving organelles in neurites using a frame rate up to 100 fps. Faster frame rates are also possible because the plasmonic imaging measures the scattering of the plasmonic waves by the organelles, which is suffi ciently strong and can be detected with a fast camera. 14 , 15 ] Pair-wise statistical analysis of the displacement reveals pronounced peaks separated with 16 nm intervals, which further confi rms the stepwise transportation of the organelles observed here (Figure 3 b ). Note that both 8 and 16 nm step sizes have been reported in kinesin-and dynein-driven motion. [ 13a , 16 ] The absence of the 8 nm-steps in the present work might be due to the complexity of organelle behavior in native environment.
In addition to accurate tracking of the organelle displacement laterally ( xy or the image plane), the plasmonic imaging technique can track the organelle displacement vertically ( z -direction). This is because the evanescent fi eld associated with the surface plasmonic waves decays exponentially from the surface into the solution phase, and consequently, the plasmonic imaging intensity is also an exponential function of the vertical position ( z displacement) of the organelle. We experimentally verifi ed the z -axis decay constant by measuring the imaging intensity of small particles placed at various distances from the gold surface ( Figure S5 , Supporting Information). The measured decay constant (95.8 nm) is consistent with simulation result using multiple layer model. [ 17 ] From the measured plasmonic imaging intensity change, and the decay constant, we were able to determine the z component of the displacement with high accuracy. The capability of accurate tracking in z -direction is not available for the conventional fl uorescence-based imaging method, which makes the present plasmonic tracking method unique for studying the dynamics of subcellular organelles in 3D.
To obtain structural information of microtubules, we monitored the movement of single organelles back and forth along a section of a neurite fi ber ( Figure 4 a) . Kymographs of three different recordings are plotted in Figure 4 b, which show different movements of the organelle along the same microtubule. The plasmonic imaging intensity of the organelle is plotted against the net displacement along the neurite fi ber in Figure 4 c, which reveals a large variation of the intensity along the fi ber. The patterns of the intensity variation for repeated recordings of the organelle moving back and forth along the fi ber are similar, which indicates that the plasmonic intensity depends mainly on the location along the fi ber. We thus believe that the observed variation in the plasmonic imaging intensity of the organelle was due to the local variation in the distance between the microtubule and the surface. This z -position information, along with the x and y positions, allowed us to extract the 3D structure of the microtubule from the plasmonic images. Figure 4 d shows the extracted 3D structure of a section of microtubule bundle (Note S1, Supporting Information).
We evaluated the accuracy of displacement tracking in xy directions by Gaussian fi tting of the negative shadow region (Note S2, Supporting Information). The standard deviation in xy directions is about 5 nm ( Figure S6 , Supporting Information), which is suffi cient for resolving a 16 nm step of the motor proteins. To further validate the observation of the 16 nm step in the pair-wise histogram analysis and eliminate the possible artifi cial measurement errors, we performed same analysis procedure to a step-exclusive ramp signal with similar noise. We did not observe obvious steps ( Figure S7 , Supporting Information). The accuracy of displacement tracking z -direction was determined from the plasmonic imaging intensity noise, which corresponds to an accuracy of ≈5 nm (Note S1, Supporting Information). Noise from camera and light source limited the tracking accuracy. It can be fundamentally improved by using ultrafast camera with high-power light source and averaging over frames. The temporal resolution of the present study is 10 ms, limited by the frame rate of the camera used in the experiment. This temporal resolution compares favorably with the fl uorescence-based method, and much faster frame-camera could be used to acquire plasmonic images, which would allow for even faster tracking speed.
Conclusion
In conclusion, we have demonstrated a plasmonic imaging technique for tracking single organelle dynamics with small 2015, 11, No. 24, 2878-2884 nanometer precision. The scattering of the surface plasmonic waves by organelles creates high contrast images of the organelles, allowing for tracking of organelle dynamics with 5 nm accuracy, and ms-time resolution. Compared to fl uorescent tracking techniques, the present plasmonic imaging method is label-free, fast, and provides accurate position information in all the three dimensions. Using the plasmonic tracking technique, we have successfully observed stepwise transportation of organelles in cell native state, providing molecular-scaled information of the motor proteins behind the organelle transportation. From the tracks of the individual organelles, we have further extracted the 3D structure of microtubule bundles in live cells. We anticipate the plasmonic imaging technique provide a powerful new tool for quantitative analysis of intracellular dynamic in live cells.
Experimental Section
Cell Culture and Fluorescence Staining : Primary rat hippocampus neurons (Life Technologies, Carlsbad, CA, USA) were recovered from cryopreservation and seeded on poly-L-lysine (Trevigen, Gaithersburg, MD, USA) coated sensor chip surface at ≈10 5 cells cm −2 . After incubation in a humidifi ed atmosphere with 5% CO 2 at 37 °C for 4-8 days, cells attached to the surface and were ready for experiment. Neurons were cultured in neurobasal medium (Life Technologies, Carlsbad, CA, USA) with B-27® supplement (Life Technologies, Carlsbad, CA, USA) and GlutaMAX™ (Life Technologies, Carlsbad, CA, USA). Mitochondria were stained with MitoTracker ® Orange CMTMRos (Life Technologies, Carlsbad, CA, USA) for observations. Plasmonic Imaging : An inverted microscope (X81, Olympus, Shinjuku, Tokyo, Japan) with total internal refl ection (TIR) confi guration illumination was implemented in the plasmonic imaging system. P -polarized light beam (≈5 mW) from a 680 nm fi ber-coupled superluminescent diode (SLD) (Qphotonics LLC, Ann Arber, MI, USA) was introduced into the microscope via a TIR fl uorescence tube lens (TIRF module, Olympus, Shinjuku, Tokyo, Japan) and a 50/50 beam splitter (Thorlabs, Newton, New Jersey, USA). The refl ected light from the gold surface was detected by a CMOS camera (ORCA-Flash 4.0, Hamamatsu Photonics, Hamamatsu, Japan) with 4 megapixels and a pixel size of 6.5 µm. A total of 160× optical zoom was achieved by using a high numeric aperture 100× objective combined with a 1.6× magnifi cation changer. Sensor chips were prepared by coating BK-7 glass coverslips with a ≈1.5 nm chromium layer and then followed with a ≈47 nm gold layer. To remove contaminations, each chip was rinsed with deionized water and ethanol followed by hydrogen-fl ame annealing. Before cell seeding, gold surface was modifi ed with poly-L-lysine (5 µg mL −1 ) solution for ≈1 h in a Flexi-Perm (Sarstedt, Newton, NC, USA) cell culture chamber attached on chip surface. For intracellular organelle observation, full resolution (2048 × 2048 pixels) image sequences at a video rate (25 fps) or a fast rate (100 fps) were either recorded in the computer memory and then saved to disk, or directly streamed into a solid-state drive (SSD) array.
Organelle Localization and Tracking : A custom MATLAB (Natick, MA, USA) program was used to accurately localize the mass centroid of the organelle. 2D Gaussian function was employed for precise positioning throughout the whole image sequences. Before fi tting, images were spatially fi ltered with 7 × 7 pixel average kernel. Local plasmonic intensity was obtained by calculating the mean value of the center 13 × 17 pixel region.
Organelle
Step Analysis : When a target organelle moved laterally during the recording, a negative intensity region appeared after the fi rst frame was subtracted from the whole image sequences ( Figure S5 , Supporting Information). This region was used as a reference to evaluate the system noise and control the quality of stepping analysis in each case. To analyze the stepwise organelle movements, the signal drift was corrected by low-pass fi ltering of the recorded images in the reference area. Corrected xy trajectory was then aligned along the principal axis of motion. On-axis (along the principal axis of motion) and off-axis (perpendicular to the principal axis of motion) components were assigned to the trajectory. The direction of the principal axis was determined by minimizing the off-axis distance variation over the entire trace.
For step detection, a step-fi nding algorithm developed by Dr. Kerssemakers and Dr. Dogterom was employed to analyze the onaxis component. [ 18 ] This algorithm is accomplished by least-square fi tting using a series of amplitude-undetermined steps. High ratio of χ 2 fi t and χ 2 counter-fi t indicated the real steps in the trajectory. To unbiasedly analyze the step size, we applied Chung-Kennedy fi ltering procedure to single on-axis trajectory. [ 19 ] This fi lter uses forward and backward moving average algorithm to preserve the step feature while removing noise. This algorithm has been widely used to reduce noise for quantitative analysis of biological events. [ 13d , 20 ] Pair-wise histogram of fi ltered trace was further implemented for statistical analysis and step size identifi cation. For every trajectory, a reference region was fi tted with 2D Gaussian function, and longterm drift was corrected in order to characterize the positioning inaccuracy due to the system noise over time.
Microtubule 3D Structure Mapping : Sequential xy trajectories of organelle were translated into net displacement by pixelated distance calculation according to their common tracks. Intensity and position were determined by Gaussian fi tting along the displacement trajectory. Height of the microtubule bundle can be calculated from the plasmonic image intensity (Note S1, Supporting Information).
Data Analysis : All data analysis were carried out by using custom-written MATLAB scripts and/or Image J. [ 21 ] Multiple Kymograph Image J plugin was used in moving organelle visualization.
